In conventional power plants, the attention paid to air in-leakage is minor. This is due to the low impact of air in-leakages on the cost effectiveness of the plant. However, in oxyfuel power plants the minimization of air in-leakages into the process becomes a crucial issue to improve the efficiency of the process. For this reason, it is an aim of the operator of an oxyfuel plant to identify and localize such leakages as early as possible to initiate appropriate maintenance steps. In the present, paper a data-based method is described that can serve as a monitoring tool for the plant. In case of increasing air in-leakages an early identification and localization of the disturbance is possible. The investigations are based on an experiment conducted in Vattenfall's Oxyfuel Pilot Plant in Schwarze Pumpe, Germany. During the test leakage air was dosed into the process at several locations that are characteristic for leakages. The process data gathered in this experiment were later-on analyzed in a principal component analysis (PCA). It was found that the monitoring of appropriate process variables in a PCA model provides a possibility for both to identify increasing leakages and to localize the region where the leakage occurs.
Introduction
In recent years, there has been a very engaged research with the object of reducing greenhouse gas emissions of fossil fired power plants. On the one hand, this goal could be achieved by an increased efficiency of the process, e.g., by increasing the main steam parameters towards 35 MPa and 700 °C in the next generation of power plants. On the other hand, there have been strong efforts towards the development of carbon capture and storage (CCS) processes. This is a generic term for measures to separate and compress the CO 2 from the flue gas in order to store it in appropriate underground storages (e.g. saline aquifers).
The oxyfuel process is one of the possible CCS processes. Basically, oxyfuel aims at producing a highly CO 2 -rich flue gas by avoiding nitrogen through burning fossil fuels (e.g. coal) with pure oxygen. This results in a flue gas that consists of three main components, namely CO 2 , H 2 O, and O 2 . After removing pollutants such as SO 2 , NO x and dust the water is removed in a condenser. The last step is to purify the CO 2 in the gas processing unit (GPU) by removing the non-condensable gases (mainly O 2 , N 2 , and Ar), e.g., in a rectification process.
Utility boilers are usually operated with a slight under-pressure to avoid leakages of flue gas into the boiler house for safety reasons. This is also expected for future oxyfuel power plants [1] . If the system pressure is below atmospheric pressure, air in-leakages can occur and dilute the flue gas with O 2, N 2 , and Ar. These non-condensable gas components need to be removed from the flue gas in the GPU later-on and, thus, increase the power consumption of the GPU. Typically, there appears an under-pressure from the burner outlet to the induced draft fan (ID fan) and in the recirculation duct. If the plant is designed with multiple ID fans an under-pressure could occur further downstream as well. Especially the furnace and the electrostatic precipitator (ESP) suffer potential leakages (e.g. windbox ducts, ash removal systems, expansion joints, manholes, and measuring ports).
According to Kather [2] , the air in-leakage proportion is defined as
where m LA is the leakage air mass flow and m FG is the flue gas mass flow after the furnace. The air in-leakage into a conventional power station is practically incapable of measurement and can only be estimated [2] . In newly built conventional-fired power stations the air in-leakage proportion is about 2 -4 % [2] [3] [4] [5] . During the lifetime of the plant this value increases significantly. Kather [2] assumes an increase to 10 % of the flue gas after the furnace to be leakage air. A report of VGB PowerTech [6] estimates the air in-leakage of the current power station fleet to be between 8 % and 16 %, and Shah [4] gives a value of 15 %. Currently, there is less effort to reduce these high leakage rates in conventional power stations because the efficiency losses are very low and an improvement results in no economical benefit [2, 3] . In contrast, in the oxyfuel process already small amounts of leakage air significantly affect the CO 2 concentration in the flue gas. The effect can be seen in Figure 1 where the correlation is shown in a calculation for Vattenfall's Oxyfuel Pilot Plant (OxPP) in Schwarze Pumpe, Germany. In an ideal tight combustion process without any air in-leakage (α = 0 %), a maximum CO 2 concentration of 93.7 vol% (dry) can be achieved with the boundary conditions indicated in the diagram. An air in-leakage of α = 3 % already results in a reduction of the CO 2 concentration to 80.9 vol% (dry). The shape of the curve is the same for other fuels, stoichiometric numbers, and oxygen purities as long as the recirculation rate is the same. The only difference is the CO 2 concentration that can be achieved in a totally tight system (refer to [2, 3] ).
However, the CO 2 concentration in the flue gas is very crucial for the specific energy required for the purification of CO 2 in the GPU and the CO 2 capture rate of the oxyfuel process [7, 8] . On the one hand, air in-leakages increase the energy consumption of the flue gas compression in the GPU because the non-condensable gases need to be compressed to the pressure of the purification process. On the other hand, the higher the content of non-condensable gases in the flue gas the lower the capture rate of the total oxyfuel process. This is due to equilibrium between CO 2 and the non-condensable gas fraction kept in the vent gas. In addition, non-condensable gases change the thermodynamics of the flue gas. As a result, condensation is more difficult and requires an increased pressure [9] .
Due to the above mentioned reasons, the profitability of the whole oxyfuel process heavily depends on the air inleakage rate. In an analysis of the cost effectiveness, Shah [4] comes to the conclusion that an increase of the air inleakage proportion from α = 1 % to α = 10 % results in an increase of the costs of electricity of about 5 %.
Klostermann [8] shows in a more recent study that the specific energy consumption in a one stage CO 2 liquefaction process increases by around 4.5 % per percentage point increasing air in-leakage proportion. As a result, the total net efficiency of the investigated oxyfuel plant decreases by around 0.2 percentage points per percentage point increasing air in-leakage proportion.
To avoid all the negative effects of air in-leakages it is not only crucial to find solutions for a very tight construction of the whole flue gas system but also to find appropriate methods to monitor the process continuously to identify an increase of the air in-leakage as soon as possible. Currently, localization is practically impossible and manual leak detection in the whole plant is inevitable. Therefore, it is of great interest for the operator of an oxyfuel plant to possess tools that allow a continuous monitoring of the process in terms of the air in-leakage rate. Process degradations shall be identified early, and if possible the degradations shall be related to a specific pattern to make it easier to localize the failure, e.g., a leakage in the recirculation duct.
In this paper, we apply a principal component analysis (PCA) on operational measurements for both the detection of increasing air in-leakages and the localization of the leakage.
Experimental simulation of air in-leakages in the Oxyfuel Pilot Plant
All the analyzed process data were gathered in experiments in the OxPP. In this plant the oxyfuel process chain from the air separation unit to the GPU was closed for the first time for a pulverized coal-fired plant in a pilot scale of 30 MW th . Hence, it the first facility that shows the necessity of a continuous monitoring of the flue gas quality but also the first plant that allows the development of appropriate monitoring approaches. OxPP is described in wide variety of publications [10] [11] [12] .
In the above mentioned experiments, a defined amount of leakage air was artificially dosed into the flue gas path at different locations via the existing test measurement ports. The chosen locations for this dosing are indicated in the process scheme ( Figure 2 ) along with the available process instrumentation. An air in-leakage is possible in all these locations due to the prevailing under-pressure in the system.
• Second boiler pass • Flue gas duct before electrostatic precipitator (ESP) • Flue gas duct after ESP • Flue gas duct after flue gas desulphurization (FGD) The locations used are summarized in Table 1 in chronological order. Furthermore, the dosed amount of leakage air and the resulting additional air in-leakage proportion (α ad ) for the preset boiler load of 90 % is given. Every test point was operated for 45 minutes. Between two test points, the plant was reset to the initial state by shutting off the dosing. The experiment began and ended with a steady and undisturbed operation of the plant to gather data under normal operating conditions in a so-called good state. The same amount of air (230 Nm³/h) was dosed in every location for reasons of comparability. In addition, a second amount of leakage air was dosed in every location to quantify the effect of the respective leak. This second amount depended on the prevailing under-pressure in the system. One exception was the second boiler pass where just one test point with an additional leakage flow of 120 Nm³/h was possible. Due to the lesser effect of a leakage in the FGD system on the operational measurements in the boiler, a higher amount of 530 Nm³/h was chosen as second test point. The operational measurement equipment ( Figure 2 ) was used to gather data during the described test. In total 38 different sensors for temperature, pressure and flow rate as well as the below mentioned gas concentration measurements were used.
• Oxygen concentration between second and third boiler pass • Emission measurement after ESP (EMI 1)
• Emission measurement after FGD (EMI 2) The gas components that were measured in the respective device are also indicated in Figure 2 . 
Analysis of the process data

The method of principal component analysis
Schulz [13] identified the principal component analysis (PCA) as the most suitable method for the identification and localization of air in-leakages. In this study, PCA was just one of several statistical methods (e.g. Hotelling's T² statistics, Q-statistics) analyzing gathered process data.
PCA, a decorellation method for multivariate data, was first proposed by Pearson [14] and a description of the method can be found in [15] . From a geometric perspective PCA can be described as the rotation of a Cartesian coordinate system in the multivariate vector space spanned by the process variables. The rotation is called maximization of variance because the first axis is re-aligned in the direction of the highest variance, the second axis lies orthogonally to the first axis in the direction of the second highest variance and so on. After the re-aligning the axis are called principal components (PCs). Thus, a PCA of an n-dimensional matrix gives n PCs, which are sorted from the highest to the lowest proportion of the total variance. The PCs itself are linear combinations of the analyzed input variables. The weighting factors of the linear combinations are called loadings and are calculated during the PCA. The vector of scores p of the principal components for a specific data sample x can be calculated according to the equation
where A is the matrix of loading factors computed by the PCA. Process data of power generation processes are usually highly correlated (e.g. coal flow and generator output). The advantage of a PCA of these highly correlated process data is the ability to reduce high dimensional data sets to a few principal components without losing much of the contained information. This often enables a two-dimensional plot of the data set and, thus, a visual analysis of multivariate data sets. To produce a two-dimensional plot of the process data, the first two PCs are calculated from the input process variables according to Equation 2 . The values of this calculation can be visualized in a so-called biplot [16] .
For the investigation of air in-leakages into the oxyfuel process, the aim of the PCA is a significant distinguishing of the process states in a biplot. The undisturbed process (good state) shall be represented by a single cluster independently of usual changes in the process as boiler load variations or fouling of heat exchangers. If the operating point calculated with the actual measurements is moving out of this specific cluster, a disturbance of the process can be identified. Depending on the type of a leakage, a new characteristic cluster shall be formed that allows an identification of the location.
Principal component analysis of the experimental data
The analysis was based on the data set gathered during the above described experimental dosing of leakage air. The data set consisted of two-minute mean values of 38 operational measurements. All the signals were first investigated with respect to their ability to monitor air in-leakages in a correlation analysis. It was found that, for instance, boiler load dependent quantities as flue gas flows cannot be used as they are not suitable to distinguish disturbed and undisturbed states in a biplot. Other quantities showed no correlation with the air in-leakages and can, therefore, neither be used. The following concentration and temperature measurements distinguished the different states best:
• Oxygen concentration at the boiler outlet (two sensors) • Carbon dioxide concentration after FGD • Flue gas temperature in the recirculation duct
The biplot for a PCA of these four signals is shown in Figure 3 . It was found that with the four selected signals the different disturbances are clearly distinguished. Every point in the biplot represents the state of the plant calculated by the mean values of the four input variables. On the axis it is indicated to what degree the first and the second PC reproduce the total variance contained in the four process variables. PC 1 represents 63.2 % of the total variance and PC 2 represents 25.1 %, respectively. Together, the two PCs represent 88.3 % of the total variance of the data set. Figure 3 : Biplot of the analyzed air in-leakage test for the four variables CO2 after FGD, O2 after furnace (2x) and flue gas temperature in the recirculation duct. The percentage values on the axis indicate the amount of total variance that is covered by the respective PC.
All operating points measured in the good state ( , ), adjusted at the beginning and the end of the experiment, are situated in the same cluster in the upper left-hand side of the chart (Figure 3) . Depending on the region of the air inleakage, a trend towards specific directions can be observed. For example, the current operating point shows a downward movement out of the good state cluster in case of an air in-leakage after the ESP ( + ). In case of an air inleakage after the FGD ( ¡ ), the operation point moves towards the right-hand side out of the good state cluster. An estimation of the quantity of the size of the air in-leakage is also possible. For a specific location of an air inleakage, a lower leakage rate is situated closer to the good state cluster than a higher leakage rate.
The process variables indicated as vectors in the biplot allow a physical interpretation of the chart. The directions of the vectors are defined by the scores computed in the PCA. This means that the vectors are a visual interpretation of the relevance of the measured process variables on the principal components. The point of origin lies in the middle of all the data points analyzed. By means of the directions and lengths of the vectors (Figure 3) , the position of the clusters can be depicted. The good state cluster ( , ) is situated in the upper left-hand side corner because a high CO 2 concentration is characteristic for an undisturbed process. As a consequence of any air in-leakage, the CO 2 concentration decreased and, thus, the clusters of all the disturbed cases were situated to the right-hand side of the good state cluster. Due to the length of the vector, the second largest impact on the position of an operation point in the biplot had the temperature of the flue gas in the recirculation duct. An air in-leakage after the ESP ( + ) had a bigger impact on this specific sensor than an air in-leakage after the FGD ( ¡ ). The recirculation temperature is superimposed by one of the oxygen sensors situated at the furnace outlet. The vector of the second oxygen sensor situated at the same position at the furnace outlet points in the opposite direction but had just a minor impact on the location of an operation point in the biplot.
Discussion and Outlook
By means of coupling the generated PCA model with the distributed control system of the plant, the actual operating point can be computed online. After checking the process data for several steady state criteria the actual operating point can be visualized in a chart (Figure 4) . If the actual operating point (black filled rectangle) is moving outside specified margins for a good plant operation (dashed circle), a process disturbance can be recognized early. With the help of the direction, the operating point is moving out of the good state region conclusions on the cause can be drawn. This would allow an easier localization of a leakage. 
Recirculation
In future investigations, it is planned to improve the method for a wide range of boiler loads and degrees of fouling. By using the flue gas temperature in the recirculation duct, the model currently possesses a dependency of slagging of the boiler. This effect can be eliminated with a normalization of the temperature in case of otherwise constant process data. However, the aim for improved models shall be a total independency of slagging and load changing processes. For this reason, it shall be investigated which types of -possibly even additionalmeasurement equipment is necessary to achieve an optimal distinction of the different leakage scenarios. Furthermore, the statistical procedure shall be improved by applying classification methods. In a last step, modelbased methods shall be investigated on their capability to monitor air in-leakages as well.
Summary
Air in-leakages have a significant impact on the cost effectiveness of an oxyfuel power plant. Besides the minimization of the air in-leakages by means of structural measures during the engineering phase of the plant, increasing leakages during the operation need to be recognized and localized as early as possible.
In Vattenfall's Oxyfuel Pilot Plant in Schwarze Pumpe, Germany, leakage air was artificially dosed into the flue gas path at different locations. The process data gathered in this experiment were analyzed by means of a principal component analysis (PCA). It was found that this approach is a promising method for the monitoring of an oxyfuel power plant with regard to increasing air in-leakages. Changes in the process data are detected reliably and assistance in the localization of the leakage can be provided.
